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Abstract. Many aspects of the human experience of ubiquitous computing in built environments must be explored in the context of the
target environment. However, delaying evaluation until a version of the
system can be deployed can make redesign too costly. Prototypes have
the potential to solve this problem by enabling evaluation before actual
deployment. This paper presents a study of the design space of immersive prototyping for ubiquitous computing. It provides a framework to
guide the alignment between specific evaluation goals and specific prototype properties. The goal is to understand the potential added-value
of 3D simulation as a prototyping tool in the development process of
ubiquitous computing environments.
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Introduction

Ubiquitous computing technologies provide exciting new opportunities for enhancing physical spaces to support the needs and activities of people within
them. However, many aspects of the human experience of ubiquitous computing
in built environments can only be explored in the context of the target environment. In evaluating these systems it is not only necessary to explore conventional
properties of usability, but also properties of the environment that contribute to
the experience of its users. Fielding such systems for testing purposes, however,
is in many cases not feasible because of the potential disruption to the target
?
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environment. Consider, for example, an emergency evacuation scenario. Additionally, developing the system to a deployable state can imply commitment to
design decisions that will be expensive to reverse. Nevertheless, the potential
impact of a system in user practice, justifies that its design should be explored
as early as possible [18]. It should be possible to use prototypes to explore the
consequences that di↵erent design decisions might have, while promoting the
identification of new solutions.
Simulated 3D environments o↵er an interesting solution to immersive prototyping [5,12,22,20]. 3D Application Servers and game engines provide a fast
track to developing virtual worlds that replicate the type of environments that
needs to be prototyped. The use of these 3D Application Servers as the basis for
a immersive prototyping framework enables agile development of simulations of
the ubiquitous environment. However, to be successful, immersive prototyping
requires a thorough alignment with the key properties of the target environment, both at the technical and social level, and a strong focus on the specific
evaluation goals and they can be met while considering the specific limitations
of immersive prototyping. With this in mind, we have carried out a study of
the design space of immersive prototyping based on 3D simulation, in order to
define a framework to guide the alignment between specific evaluation goals and
particular prototype properties.
A similar study was carried out by Ostkamp et al. [17]. In it the authors were
interested in studies about public displays. They introduced the AR-Multipleye,
a system that visually highlights items on a personal device that is pointed
towards a public display. They, additionally, carried out an evaluation of the
existing approaches according to a set of criteria to classify highlight methods
for public displays.
In our case, the key issue that was addressed is “what are the relevant dimensions that prototypes should exhibit to better support evaluation of the envisaged design?”. The paper presents the two groups of characteristics identified
as a result of this work. The first relates to the immersive prototyping ubiquitous systems, and includes topics such as Fidelity of immersion, Embodied
interaction support or Hybrid prototyping. The second addresses the di↵erent
perspectives on evaluation (from evaluation centered on the system and its functional qualities, to evaluation centered on the user’s experience of the system),
and the methods to gather feedback about user experience. A discussion on how
the framework was applied to the development of a prototype used to aid the
design of a concrete ubiquitous environment ends the paper.

2

Methodology

In order to establish the relevant analysis dimensions we performed a review of
the research literature on the topic of ubiquitous computing immersive prototyping. Most of the papers are related to the rapid development and evaluation
of ubiquitous systems in the early stages of the development life cycle. Examples include 3DSim [12], TATUS [15], the work of O’Neill et al. [16], UBIWISE
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[1], the work of Reynolds [19] or APEX [20,21]. Others papers, as UbiWorld
[5] and the work of Pushpendra et al. [22], are focused in creating immersive
environments for users, and testing their applications, using CAVEs and other
immersive technologies. VARU [6], CityCompiler [11], UbiREAL [14], and the
work of Brandherm et al.[2], focus their study in hybrid prototyping approaches,
integrating services (e.g. Internet services) and devices in their ubiquitous systems. A few papers are more concerned with the analysis of user behavior when
confronted with di↵erent situations (this is the case of Siafu [10] and the work of
Maly et al. [9]), while Topiary [7] and the work of Li et al. [8] are more concerned
with the context awareness behavior of ubiquitous applications.
The papers were analyzed in search of codes for two groups of characteristics of ubiquitous computing that we initially defined as: (1) Properties of the
simulation; and (2) Requirements for evaluation and evaluation objectives.
Open Coding [23] was used to analyze the contents of the papers. Each paper
was read in order to identify phrases or paragraphs containing references to the
two groups of characteristics of ubiquitous computing aforementioned. A code
was assigned to each piece of text identified. At this stage, the goal was to
generate as many codes as possible without much consideration of how they
related with each other. The MAXQDA10 tool was used to aid the open coding
process. A total of 33 di↵erent codes were identified: 20 in the first group, and
13 in the second. The number of code instances identified was 220.
An affinity diagram was then created to synthesize the data. The goal here
was to find the key dimensions, based on the natural relationships between codes.
In a brainstorming session we grouped similar properties into logical groups. As
we analyzed more codes, we discussed whether to place each of them in one of
the existing groups, as also the possibility of creating more groups or the creating
of subgroups.

3

Dimensions

This section presents the results of the study. A total of eleven main dimensions
was identified. Seven in the first group of characteristics (Prototyping) and four
in the second (Evaluation). Two of the dimensions in the latter group are further
divided in sub-dimensions, creating a total of thirteen. For each group we present
the identified dimensions and provide illustrative examples from the literature.
3.1

Prototyping

The first group characterizes the relevant features of the immersive prototyping
of ubiquitous systems. The seven dimensions are described below.
Fidelity of immersion can be described as the degree to which a virtual environment represent (in terms of appearance, sound, etc.) the real world, making
the user feel immersed in the virtual environment. Techniques to immerse users
within virtual environments go from the use of head-mounted displays to the
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use of CAVEs [3] (see, for example [22,5]), or other CAVE-derived techniques as
presented in [5], the ImmersaDesk and the Infinity Wall [4]. An example of immersion is the case of immersive video inside a CAVE. This approach eases the
evaluation and prototyping of mobile applications before its actual deployment,
providing a high fidelity recreation of a user’s experience [22].
3D modeling and simulation is a means to build virtual environments and/or
devices. This is typically achieved through the use of game engines or 3D application servers. A key factor is to make the virtual environment realistic. It should
be noted however, that creating a realistic simulation extends beyond its physical and graphical qualities. For example, [1] points out that creating a realistic
simulated wireless device, implies being realistic in terms of connection latency,
bandwidth, screen size, and battery life. According to [16] the use of game engine allows for a greater flexibility in the type of sensors that are used. Half-Life,
Unreal, and Quake are the most used game engines. In [20] the OpenSimulator
3D application server is used. According to the author one advantage of using
a 3D application server is to enable the remote and simultaneous connection of
many users over the internet.
Embodied interaction support refers to the ability of the simulation to enable the reproduction of interactions that we use every day in the real world.
Embodied interaction can be achieved through the use of interactions technologies such as motion tracking and gesture, or speech recognition. Users may, for
example, interact with the virtual environment through the use of 3D gestures
to point to devices and room objects [12], allowing for a more interactive and
immersive experience. In [11] a scenario is built where a camera captures the size
and location of human shadows and, based on that, triggers appropriate events
(e.g. displaying a video).
Controlled environment manipulation. Ubiquitous systems’ simulation can
be molded to best serve the objectives of the designers and developers. We can
define the behavior of the system and its objects, by programming them, by the
use of models, or we can manually control/influence this behavior. The most
common method, for expressing behavior is programming it through the use of
scripts [1,20]. Another approach to attach behavior and functionalities to the
system and its objects, is through the use of models [20,16]. Wizard of OZ can
also be used to give behavior to the system [8] . The need to use people to
realize the tests, and the fact that these tests are never realized in the exact
same circumstances, are problems associated with the technique [22].
Context driven behavior happens when the system/prototype is able to
capture the state of the environment and its relevant data, adjusting its behavior
to that data. (e.g., a door opens, when a user gets close to it). This feature
is present in many systems [7,15,5,16,1]. Approaches to gather context data
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include the use of sensors or other devices such as GPS systems [8], systems
with information about networks, or specialized tools to extract information
from the virtual environment [12,9]. Sensors, in particular, are very common
in ubiquitous systems. According to [19], sensors can be classified as active or
passive, i.e., they can detect values internally or from the virtual environment,
respectively. Sensors can act as listeners for the system, enabling it to react to
the environment [12] and store relevant sensor information for later use [22].
Multi-user support. Enabling multiple users to explore the ubiquitous system
allows for faster testing and assessment of the behavior of the system. This can
be achieved by supporting the connection of multiple real users, or supporting
the use of bots in the system. Supporting multiple real users enables evaluation
of their behavior and their interactions in the system, but also evaluation of the
system’s behavior. In [20,16,15], this is an important dimension to integrate in
the development of the ubiquitous system. Supporting the use of bots (i.e. AI
expert software systems), enables the configuration of environments featuring
multiple user using a limited numbers of real users, or to systematically explore
an environment (e.g. to automatically identify unwanted behaviors) [16,15].
Hybrid prototyping takes advantage of a combination of simulated and real
components to generate a mixed reality which can be used to assess the envisaged
system. In [11], a mix of physical miniature prototyping and virtual prototyping
is used. Two basic types of hybrid prototyping were found: one focusing on devices, another on services. Virtual devices enable testing specific systems (e.g.,
smartphones or sensors), and their integration in the ubiquitous environment,
without actual physical deployment. In [1], images of the device’s physical interface are used to create the virtual device. The embedding of sensors in virtual
devices is addressed in [2]. A emulation framework allowing simulated hardware
devices to interact with emulated software is described in [19]. Hybrid prototyping of services provides higher realism, accuracy and precision, since it can use
real services. The most common cases are the integration of internet services, or
the use of Bluetooth or similar protocols to integrate real devices [20,1]. Many
systems tend to create their own communication components, using protocols
such as TCP-IP or UPnP [12], or resorting to proxies [15], while other systems
integrate existing network simulators into their framework [19] (thus reducing
cost while providing users and developers an enhanced experience).
3.2

Evaluation

Evaluation is a key motivation in the immersive prototyping of a system. This
second group of dimensions characterizes the di↵erent perspectives on ubiquitous systems evaluation. Two types of interests could be identified. Evaluation
focused on the system and its developers, and evaluation focused on the users.
Additionally, codes related to how to conduct experiments and collect data were
also found.
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System-centric evaluation is focused on evaluating the prototypes and the
supporting frameworks, and is divided in two sub-dimensions.
Developer-centric evaluation. This evaluation is mainly concerned with knowing
how easy it is for developers to develop accurate ubiquitous environments. This
can be accomplished by collecting their feedback while performing a predefined
prototyping task [16,20,7]. Other possibility is to use developers as test users, in
order to determine if they can identify problems in ubiquitous environment.
Environments-centric evaluation. Immersive prototypes have the goal of creating virtual environments that are accurate enough replicas of real environments.
These virtual environments must have the same properties that the real environments have, in order to give to the users a more realistic experience. To assess
these environments, users that regularly explore the real environment should
supply feedback to the developers, for them to know if the environment is accurate enough. At a more fundamental level, environments also need to be tested
and evaluated regarding how the models react to user interactions or to context
changes, in order to check if the prototype is behaving correctly.
User-centric evaluation focuses on how the users react to the ubiquitous
system. Evaluating the users’ behavior and their feelings when interacting with
it, or evaluating if they can interact with the system efficiently and perform the
tasks they were assigned.
Evaluating user experience. User experience can be characterized by how well
a person feels, when she interacts with the system. Through user experience
evaluation, developers can know if the system that they are building will create
a positive impact in people’s lives. User experience evaluation techniques are
widely used in many of the studies that were analyzed. Particularly in [7,20,9],
a big importance is given to analyzing and comparing user experience and behavior, allowing redesign of the systems depending on the users’ feedback.
Evaluating usability. Usability is also a key goal on the process of developing
ubiquitous systems. The more common approach to usability testing is through
observation and recording users while they perform tasks. Others usability test
methodologies are described in [13]. Maly et al. [9] built a framework for testing
the usability of applications in virtual environments. The method consists in
conducting specific tasks to evaluate usability. The approach builds on usability
testing methodologies for desktop applications, combined with the evaluation of
user behavior in ubiquitous environments.
Controlled experiments enable carrying out interaction tests under varied
environment settings and context changes. A possibility is to replicate the exact
same experiment with di↵erent users. All experiments will have the same system configurations, e.g., the events generated by sensors or the way the system

An empirical study on immersive prototyping dimensions

7

Developer Environments Evaluating
Evaluating
evaluation evaluation user experience usability
2
3
3
2
Fidelity of immersion
2
2
2
2
3D modeling and simulation
2
1
3
3
Embodied interaction support
3
2
1
1
Controlled env. manipulation
3
3
2
2
Context driven behavior
2
2
1
1
Multi-user support
2
2
2
2
Hybrid device prototyping
Controlled experiments

3

3

1

1

Table 1. Relation between each evaluation dimension and each prototyping
dimension.

adapts to context changes must be the same for any user that interacts with
the ubiquitous system. Increasingly, ubiquitous systems are being developed to
function and adapt to di↵erent scenarios [12,5,20]. A possibility, to assess what
can happen when the system is deployed in di↵erent scenarios is to change one
or several ambient settings in each experiment. These manipulations can go from
re-positioning objects and avatars, to the manipulation of actuators and devices
such as, lights, temperatures or displays [12,20,14]. The more common examples
were the manipulation of lights and temperatures. In [12], the authors evaluate the suitability of the Philips iPronto device to new environments and their
adaptability to di↵erent interactions.
Data collection is an increasing concern in the evaluation of ubiquitous systems. Developers can gather user feedback, either by allowing the user to freely
explore virtual environments, or by making him or she follow or perform a list
of tasks and storyboards [5]. Video recording or user observation are examples
of methods to gather data about user behavior/performance, while performing
tasks. The use of sensors to collect user performance, and save this data in log
files, is another method that can be used. Conducting a series of interviews
with users, or using surveys, are methods used to collect user feedback after the
completion of the experiment.
3.3

Discussion

The relationships between the four evaluation dimensions and the dimensions
related to the development of ubiquitous systems is presented in Table 1. The
table should be read having in consideration that the primary point of analysis
are the several types of evaluation. Evaluation dimension are assessed against
each prototyping dimension, and also to the controlled experiments dimension.
With this we want to highlight which dimensions are more critical for each
evaluation dimension. The scale of values chosen to measure the relationship
was: (1) - little influential, (2) - influential, and (3) - very influential. The values
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in Table 1 are derived from the analysis of the papers. They reflect the percentage
of codes collected for each of the evaluation dimensions, when compared with
the percentage of codes for each of the prototyping dimensions in the papers.
From Table 1 several conclusions can be reached. Developer-centric evaluation is more concerned with how to give behavior to the system, and how it reacts
to change (be it context changes or user interactions). The ability to support
multiple users with the purpose of realizing experiments is also an influential
aspect of developer centric evaluation. Nevertheless, the other dimensions are
also influential in this type of evaluation. Regarding the assessment of environments, the more realistic is the environment the better is the ability to evaluate
the envisaged design. The realization of controlled experiments in the virtual
environment, and how ubiquitous applications or smart objects react to changes
are also among the most influential dimensions to assess environments. Allowing multiple users to interact with the environment, and supporting the use of
virtual/real devices/services are the remaining influential dimensions in environment evaluation. For the user to have a good user experience, he should feel able
to use most of the interactions that he usually uses in reality. The environment
should be as realistic as possible, so that the user feels as embedded as possible
in the environment. Regarding usability, the way users interact with the system
and how much they feel immersed in the virtual environment are the more important dimensions to make user more connected with the environment, thus
providing them a better way to accomplish their tasks. The possibility of interaction with virtual or real devices/services, and the way the ubiquitous system
reacts to the user, are other influential dimensions to usability evaluation.

4

Case study

The motivation to carry out the study described above appeared in the context
of using immersive protoyping to support the design of a specific ubiquitous systems. The bar of a art gallery in Guimarães, Portugal has been equipped with
public displays featuring the Instant Places system5 . By default, users can interact with the system via their smartphones. The goal now is to enrich the system
with new interaction capabilities. To study the viability of di↵erent alternatives
prototypes will be developed in the APEX framework. The developers of the
APEX frameworks, and the designers and developers of Instant Places, felt the
need to identify what were the relevant prototyping dimensions that should be
considered, and how they related to specific evaluation goals.
Considering that the main goal of the prototype to be developed is evaluating
a number of new interaction techniques, and their influence the experience of
being in the bar, the most relevant dimensions are: the Fidelity of immersion and
support for embodied interaction. However, other features like Context driven
behavior and Hybrid prototyping should also be considered as relevant. Indeed
Hybrid prototyping is also quite relevant since the goal is to integrate Instant
5

http://www.instantplaces.org/ (Accessed: 29/1/2013)
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Fig. 1. The art gallery prototype

Places into the prototype, adding only the new interactions techniques. In the
current case, it was decided to experiment with a table top interface. Hence,
a prototype of the space was built (see Figure 1) that integrates virtual screen
connected to the Instant Places service. Users are able to interact with the service
both through their physical smartphones, or through a virtual table top interface
in the simulated environment. The prototype was tested with users and while,
due to space constraints it is not possible to discuss the results herein, they
indicate that the table top interface was found useful.

5

Conclusions

This paper has presented a set of dimensions that address the immersive prototyping of ubicomp systems and their evaluation. Starting from a review of the
sate of the art the relevant dimensions were identified. They characterize both
the features that can be used to build immersive prototypes of ubiquitous environments, and the types of evaluation that can be carried out. By establishing
a relation between these two groups, it becomes easier to decide which type of
prototype to use given specific evaluation needs. Identifying the dimensions that
should be the focus of a prototyping exercise provides two main advantages: it
helps both reduce the costs of the process, and it helps focus the prototype on
those features that will provide better results.
The approach is being used in a concrete example, where a public space has
been equipped with ubicomp technology. In order to explore the impact of introducing new technology in the environment (e.g. tabletop interfaces) an immersive prototype has been developed. We are currently comparing the experience
of using the prototype with the experience of being in the actual space.
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